The recently discovered giant dielectric CaCu 3 Ti 4 O 12 (CCTO) 
Introduction
suggested that barrier layer mechanism may give rise to such a high ε value of CCTO, especially considering the fact that CCTO single crystals are heavily twinned due to lack of fourfold symmetry. Impedance spectroscopy [8] of CCTO suggests the role of internal barrier layer capacitance in generating such a huge ε value. In such extrinsic mechanism of giant ε, it is assumed that the CCTO gains are semiconducting and are divided by insulating grain boundaries. However, there still lie difficulties in explaining the rapid suppression of ε at low temperature. Recently, Ramirez et al. [9] proposed an intrinsic mechanism of giant ε arising out of relaxing TiO 6 octahedra due to de-bracing of rigid CaCu 3 Ti 4 O 12 structure because of the presence of a small concentration of defects. However, Cohen et al. [10] still argues in favour of extrinsic effect arising out of either twin boundaries, antiphase boundaries or some sort of deviation in calcium ordering.
Such high ε materials are very promising for miniaturization in microelectronics and microwave devices. This is specifically true given the fact that standard barrier layer capacitors need complex fabrication procedure [11] , whereas CCTO can be fabricated by a single step heat treatment in air. However, the dielectric properties of CCTO are very much dependent on the fabrication parametres [8, 12] . Depending on the preparation conditions, some workers [13, 14] have even reported much lower ε values of their CCTO samples. Incidentally, reported high ε values are also associated with high dissipation factor (DF). For practical applications of CCTO, along with high ε, low DF is also of paramount importance. In the present work, an attempt has been made to lower the DF of CCTO ceramics by B 2 O 3 addition (as boric acid) without compromising much the dielectric constant of the ceramics.
Experimental
To synthesize CaCu 3 Ti 4 O 12 , stoichiometric amounts of reagent grade CaCO 3 , CuO, TiO 2 were mixed thoroughly in a ball mill in ethanol medium for 24 h. The mixture was calcined at 1000
• C/10 h followed by grinding for 30 min. The powder was then characterized by XRD (Philips). Boric acid (0-10 wt %) was mixed with the powder and pellets were made at 350 MPa pressure and sintered at 1070
• C/20 h. The densities of the sintered pellets were measured geometrically. The ground pellets were also characterized by XRD. The microstructures of the polished and thermally etched samples were viewed by a SEM (Leo 430i). The samples for electrical testing were polished and coated with silver paint and cured at 600
• C/10 min. The dielectric measurements were made in a Hioki 3532-50 LCR Hitester in the frequency range of 100 Hz-1 MHz from room temperature to 170
• C.
Results and Discussion
From the X-ray diffractograms ( Fig. 1) , it is observed that up to 5 wt% boric acid addition (equivalent to 2.8% B 2 O 3 ), there is no significant change in the peak positions with respect to that of pure CCTO. For 7 wt% (equivalent to 3.9% B 2 O 3 ) and 10 wt% (equivalent to 5.6% B 2 O 3 ) boric acid addition, no additional peak is observed though there is a slight high angle shift of the diffraction peaks indicating some boron doping in CCTO. The most probable site of B 3+ replacement, considering its small ionic size, is the Ti 4+ site in CCTO. The charge compensation [12] due to boron substitution can be of either electronic type (where some Ti 4+ is converted to Ti 3+ ) or ionic type (formation of oxygen vacancies). As the dissipation factors of the samples decrease with boron addition (discussed later), the charge compensation mechanism is probably ionic type. Hence, the presence of oxygen vacancies lower the lattice dimensions with a consequent high angle shift of the X-ray diffraction peaks. Figure 2 depicts the effect of boric acid addition on the sintered density of the pellets. In the present investigation, the true density of CCTO powder was calculated by the standard method [15] using a specific gravity bottle and kerosene medium. The true density was found to be 4.9 gcm −3 . Initially, B 2 O 3 addition improved the bulk density slightly. However, for 7 and 10 wt.% boric acid addition, the sintered density decreased. The addition of B 2 O 3 is expected to help in liquid phase sintering [16] . However, for higher amounts of B 2 O 3 , the densification again decreased because there should be an optimum amount of liquid phase above which densification is inhibited due to the formation of a thick coating of the liquid phase around the grains [17] .
The effect of B 2 O 3 addition on the microstructure of the sintered pellets has been shown in Figs. 3(a)-(c) . The pellets containing higher amounts of B 2 O 3 showed lowered average grain size and more porosity. The formation of a thick grain boundary phase due to boric acid addition is also reflected from the SEM micrograph ( Fig. 3(d) ) indicating the formation of a liquid phase during sintering. From Fig. 4(a) , it is evident that boron addition drastically lowers the low frequency dielectric constant of CCTO but at high frequencies (especially at 1 MHz) the lowering of ε is marginal. It may be noted that in the present case, at low frequencies, the ε values for pure CCTO are much higher than those of similar polycrystalline samples reported by other workers [1, 2, 8] . This may be due to some variation in processing conditions which dramatically affects [8, 12] the dielectric properties of CCTO ceramics. Also it has been observed that the effect of B 2 O 3 addition on the dielectric properties of CCTO ceramics is prominent at the low frequencies. Along with the lowering of ε, B 2 O 3 addition also lowers the DF (Fig. 4(b) ). However, at high frequencies (near 1 MHz), the DF for all the compositions shows a sharp rising trend as observed by other workers [13] . The sharp rise in DF is probably a resonance effect [19] arising from the stray inductance of the contacts and leads. The capacitance of the samples being of the order of 10 nF and a stray inductance of the order of a few micro-Henry [20] can induce L-C resonance in the MHz frequency range. This is also supported by the rise of impedance phase angle (Fig. 4(c) ) towards positive direction at around 1 MHz frequency indicating the approach of resonance. It is evident from the Fig. 4 (a & b) that the ε and DF values for pure CCTO and CCTO prepared by adding 2 and 5 wt% boric acid show low frequency dispersion. In this case, the giant dielectric constant is also associated with a high loss (DF). Incidentally, the DF tends to increase without showing a peak at low frequencies which is the signature of Maxwell-Wagner type relaxation [18] .
However, 7 and 10 wt.% boric acid additions in CCTO lower the ε values and reduce the low frequency dispersion. This is probably due to a) formation of a thicker grain boundary layer (Fig. 3(d) ) for samples containing higher amounts of B 2 O 3 leading to poor effective capacitance arising out of brick-work layer effect from grain and grain-boundary combination and b) modification(s) inside the grains structure due to boron incorporation affecting the overall capacitance of the grains. Incidentally, the rise of DF (Fig. 5(b) ) with temperature (which is more for pure CCTO) indicates the thermally activated nature (increase ac conductivity with frequency) of dissipation. 
Conclusion
It has been observed that the loss factor of giant dielectric CCTO can be reduced by B 2 O 3 addition. However, boron addition lowers the dielectric constant of CCTO. At the same time, the low frequency dispersion of CCTO and the temperature dependence of dielectric constant are also reduced by boron addition. From our study, it can be surmised that CCTO prepared with H 3 BO 3 addition (especially 7 wt.%) can be a good candidate for capacitor applications because of its high ε value (above 10,000) which is nearly independent of frequency and temperature. At the same time its DF is much lower than that of pure CCTO.
